Pulse-chase feeding and multi-labeled radiotracer techniques were employed to measure the assimilation of 6 trace elements ( l l O m~g , 2 4 1~m , '09Cd, 5 7~o , '$Se and "~n ) from ingested diatoms in the mussel Mytilus e d u l~s feeding at different rates (0.1, 0.49 and 1.5 mg dry wt h-'). Uniformly radiolabeled diatoms Thalassiosira pseudonana were fed to mussels for 0.5 h, and the behavior of the radiotracers in individual mussels was followed for 96 h in a depuration seawater system. Assimilation efficiency (AE) of each element declined with increasing ingestion rate and increased with gut passage time. The importance of extracellular digestion relative to intracellular digestion increased with ingestion activity, which, when coupled with a decline in AE, suggested that extracellular digestion is less efficient in metal absorption. Zn assimilation was most affected by ingestion rate, suggesting that AE may play a role in the physiological regulation of this metal in M. edulis. In an experiment to simulate the effects of an acidic gut, lowered pH (5.5) enhanced the release of elements from intact diatom cells, especially at low particle concentration. These results indicate that both feeding components of the mussel (i.e. gut passage time, digestive partitioning) and metal chemistry (i.e. metal release at lowered pH within the bivalve gut) are responsible for the difference in the assimilation of trace metals at different food quantities observed in mussels.
INTRODUCTION
Marine mussels are able to accumulate substantial amounts of trace metals from ambient seawater and have been employed worldwide to monitor contamination in coastal waters (Goldberg et al. 1978 , 1983 , O'Connor 1992 ). An important assumption behind this program is that there is a direct relationship between environmental metal contamination and concentrations in the mussel tissues. For suspension-feeding bivalves there are 2 major routes by which a metal can become available to the animal, namely, dissolved uptake and particulate ingestion. Dissolved uptake occurs primarily through the gills and probably does not require energy investment (Carpene & George 1981) . Metal associated with food particles becomes available to bivalves fol-'Addressee for correspondence. E-mail: nfisher@ccmail.sunysb.edu lowing the ingestion and absorption of particles within the digestive tracts. Metal uptake from food remains poorly understood. Quantifying the relative importance of dissolved and food sources is essential to the interpretation of data generated by environmental monitoring programs, but this also is poorly understood for most metals of environmental concern and most bioindicator species. We therefore measured the effects of food quantity on the assimilation of 6 trace elements (studied with the radiotracers llOmAg, 2 4 1~m , '09Cd, 5 7~o , 75Se and 65Zn) in the blue mussel Mytilus edulis. The objectives of this study were: (1) to determine the effects of food quantity on the assimilation efficiency (AE) of ingested trace elements in mussels; (2) to assess the importance of physiological parameters (gut passage time and digestive partitioning) on metal assimilation in mussels; and (3) to explore the significance of metal desorption under different pH conditions for metal assimilation at different food concentrations.
According to simple kinetic bioenergetlc-based models, metal bioaccumulation is related to metal influxes from both dissolved and particulate sources, and metal efflux from the animal (Thomann 1981 , Landrum et al. 1992 , Luoma et al. 1992 . In these models AE is one of the major parameters determining metal Influx from food sources and the relative importance of the particulate vector in the overall metal influx into mussels. Few studies, however, have directly measured AE of trace metals in mussels or studied the processes and factors controlling metal assimilation. Metal assimilation is probably dependent upon many abiotic and biotic conditions. Thus, metal AE should be determined rigorously under different conditions before a general bioaccumulation model can be applied to the field. Food quantity can significantly Influence the AE of phytoplankton food in mussels (Thompson & Bayne 1972 , Widdows 1978 , Winter 1978 . However, metal assimilation from food and the effects of food quantity on metal AE in bivalves are largely unknown.
Digestive processes also influence assimilation. The digestive processes of many bivalves encompass 2 distinct phases, namely extracellular and intracellular digestion (Purchon 1971 , Owen 1974 , Bayne & Newel1 1983 . Extracellular digestion occurs primarily in the stomach once the food materials are ingested, where crystalline styles release extracellular enzymes and degrade whole particles. Intracellular digestion occurs primarily in the digestive diverticula. There, digestive cells phagocytize and digest the fine materials that are channeled from the stomach after extracellular digestion is completed. In pulse-chase studies of assimilation, partitioning of food between these 2 digestive processes has been operationally defined by retention time in the digestive tract (Decho & Luoma 1991) . Partitioning appears to be important in assimilation, although few quantitative studies have been made (Widdows et al. 1979 , Decho & Luoma 1991 . In addition, models of digestion in both deposit and suspension feeders imply that net energy gain can be maximized by optimizing components of the feeding process, including ingestion activity, gut residence time. digestive Investment and dietary selection (Taghon et al. 1978 , Taghon & Jumars 1984 , Willows 1992 . This suggests that an animal's feeding system is flexible in its response to changes in environmental conditions such as food quantity and quality. That flexibility could also Influence metal assimilation.
MATERIALS AND METHODS
Mussels Mytilus edulis of 3.5 cm shell length were collected from Long Island Sound (LIS), New York, USA, in Julv and were maintained at 15°C in aerated seawater (28''.,, from LIS) for 1 wk prior to experiments During this acclimation period mussels were fed with cells of the diatom Thalassiosira pseudonana (clone 3H) at a ration above the maintenance requirements (about 2%" of total tissue dry wt d-l) and the water was changed every 2 d.
Thalassiosira pseudonana was maintained in unialgal, clonal culture in sterile-filtered (0.2 pm Nuclepore), 35%0 surface seawater (collected 8 km off Southampton, New York) enriched with f/2 nutrients (Guillard & Ryther 1962) . Cells in late log phase were taken from stock cultures and were resuspended off 1 Ipm Nuclepore filters into 1 1 Erlenmeyer flasks. Each flask contained 700 m1 sterile-filtered (0.2 pm) seawater enriched with f/2 levels of N, P, Si, and vitamins, but one-tenth (f/20) levels of trace metals and no addition of Cu, Zn or EDTA. The diatom cells in the flasks were then triple labeled with "OmAg, '09Cd, and j7Co or 2 4 1~m , 75Se, and 6 5~n . Radionuclide additions were 37 kBq (10.5 nM, in 0.1 N Ultrex HNO?) of "OmA g ; 37 kBq (1.2 nM, in 3 N Ultrex H N 0 3 ) of ""Am; 74 kBq (34.8 PM, in 0.1 N Ultrex HC1) of ' ' "d; 74 kBq (4.6 PM, in 0.1 N Ultrex HC1) of 57Co; 55.5 kBq (0.21 nM, in distilled water) of 'jSe as selenite, and 92.5 kBq (56.2 PM, in 0.1 Ultrex HC1) of ' "n.
Before the addition of isotopes and their carriers, an appropriate amount of Suprapur 1 N NaOH (in p1 quantities) was added to ensure that the pH of the water was 8.0 after isotope additions.
The cultures were then incubated on a 14 h light: 10 h dark cycle at 15'C. After 4 d incubation the cell density increased from 2.0 X lo4 cell ml-' to 3.0 X 106 cell ml-l (i.e. >7 divisions), and the cells were consldered to be uniformly radiolabeled. The cells were then resuspended off a 1 pm Nuclepore membrane (after 2 washes with filtered seawater) and into 50 m1 unlabeled filtered seawater prior to the pulse-chase feeding experiments described below.
Radlolabeled diatoms were transferred into 500 m1 glass-fiber-filtered seawater held in a 1 1 polypropylene beaker. Three cell rations were prepared: 5, 20, and 70 X 103 cells ml-' (equivalent to 0.11, 0.44 and 1.54 mg dry wt 1 -l ) . Diatom cells were allowed to equilibrate for 15 min, and the fractlon of metal associated with the partlculate phase was then determined by tiltering a 10 m1 aliquot from each beaker through a l pm Nuclepore filter, following established procedures (Fisher et al. 1983 ). Prior to the initiation of pulse-feeding experiments, individual mussels were carefully cleaned of epibiota and fed continuously on unlabeled Thalassiosira pseudonana cells They were then placed in individual beakers containing radiolabeled diatoms. There were 5 replicate mussels for each food ration treatment. Mussels were allowed to feed on radioactive cells for 30 min, during which the water was gently stirred and the cell suspension homogenized every 10 min. Mussels ingested >95% of the algal cells available in the water, equivalent to ingestion rates of 0.11, 0.44, 1.54 mg h-' for each individual mussel for the low, medium and high food ration group, respectively. This approximately covers the range of food availability during algal bloom and nonbloom conditions in estuaries.
Immediately after feeding on the radiolabeled food, the radioactivity of each mussel was counted (described below). Each mussel was then placed in an individual 240 m1 polypropylene chamber containing 170 m1 of filtered seawater within a recirculating seawater system (Fig. l ) . Water was recycled by pumping from a 20 1 aquarium through each depuration chamber and back into the aquarium. The flow rate through each depuration chamber was 1.8 1 h-'.
Each day, diatom cells were separated from a 5 1 culture onto a 3 pm Nuclepore membrane, then resuspended into filtered seawater (0.2 pm). This eliminated the potential effect of EDTA complexation with metals and the effects of algal exudates on the feeding behavior of mussels (Ward & Targett 1989) . Algae were supplied continuously, via a peristaltic pump, from a reservoir culture into 3 recirculating aquaria to ensure that mussels maintained relatively constant feeding activity (0.1, 0.49, 1.5 mg h-', for low, medium and high food ration treatments, respectively) throughout the depuration perlod.
After 96 h of depuration, individual mussels were dissected and the radioactivity associated with shells was determined. This activity (generally a very small fraction of the total body activity) was subtracted from the whole body count before the calculation of metal retention in mussel soft tissues.
The radioactivity of each whole mussel was measured periodically (every 3 to 12 h) and non-invasively by placing individual mussels inside a large-well NaI (Tl) gamma detector interfaced to a multi-channel analyzer (Canberra Series 35 plus). Counts were related to standards for each radiotracer at each sample time. Periodically (every 1 to 8 h), fecal pellets of mussels were removed from the depuration chamber with a wide-bore pipette and their radioactivity was counted. No attempt was made to separate the pseudofeces from feces at the highest ration group. The gamma emission of " O " A~ was detected at 658 keV, of 241Am at 60 keV, of '09Cd at 22 keV (the x-rays produced by the daughter product '09Ag), of 57Co at 122 keV, of 75Se at 264 keV, and of 65Zn at 1115 keV. Counting times were adjusted so that propagated counting errors were generally <5 %, except for some samples whose radioactivity was not significantly above background levels. Fig. 1 . Experimental aquarium in which mussels were maintained to depurate the labeled food material which was ingested. A: recirculating and aerated seawater; B: recirculating and aerated water pump; C: mussel's chamber; D: food vessel; E: peristaltic pump. Arrows indicate the direction of water flow 4 Bivalve guts are acidic (Purchon 1971 , Owen 1974 ) and this may strongly affect the desorption, digestion and assimilation of trace metals associated with ingested food particles. Consequently, the release of metals from intact diatom cells at low pH (5.5, a typical gut pH) was simulated in microcosm experiments and compared with metal release from cells at pH 8.0 for 3 different cell densities (2.2, 11, 22 mg 1-l). To perform these experiments, Thalassiosira pseudonana cells were inoculated and radiolabeled as described, and log-phase cells were resuspended in 150 m1 of 0.2 pm filtered seawater. There were 2 replicates for each treatment. Before the resuspension of labeled cells, the pH (5.5) was lowered by addition of Ultrex 0.1 N HCl and monitored throughout the experimental period. Algal cell concentration in each treatment was checked by measuring fluorescence (Brand et al. 1981) . Periodically (0.5, 1, 2, 4, 8, 16, 24 h) , an aliquot of 10 m1 was filtered onto a 1.0 pm Nuclepore membrane and a volume/volume concentration factor (VCF) was calculated for each isotope:
where M, is radioactivity pm-3 diatom cells, and Md is radioactivity pmT3 dissolved (~0 . 2 pm) in water.
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RESULTS
water level
Patterns of depuration and defecation
The retention of radiotracers ("Orn~g, 2 4 1~m , lo9Cd, 57Co, 75Se and 65Zn) in mussel soft tissues during the 96 h depuration period is shown in Fig. 2 . Three processes contribute to the retention pattern: (1) the W A h-') of unassimilated metal was calculated from the fecal analyses ( Fig. 3 ). Little detectable 2 4 1~m activity was observed in feces after 24 h, consistent with rapid and nearly complete depuration. Unlike 241Am, a biphasic pattern characterized " O " A~ egestion. A pulse of unassimilated l l U r n~g activity was lost in the first 17 h, followed by a second pulse between 17 and 70 h. These results verified that unassimilated metal could '::M :L l o o food materials through the digestive processes.
A m
The difference between ""Am and """'Ag depu-S be retained for a s long as 70 h in the mussel 1 0 0 F l digestive of digestion tract. and The end assimilation point for the was completion therefore taken as 70 h in all experiments. Shorter depuration times could overestimate assimilation. Assimilation efficiency (AE) of ingested elements was calculated as the percentage of the radioactivity for each isotope retained by the 10 mussel at 70 h divided by the amount of radio- Time (hours) ration patterns indicates that these elements, which associate with different fractions of the diatom cell , may follow different digestive pathways. The activity of fecal pellets was also directly analyzed through time as the pellets were Although there was rapid initial loss of '"Cd, ''CO, 75Se and "Zn from mussels, there were remaining in the tissues after 70 h. Thus, the tion rate (1.5 mg h-'). For clarity, standard deviations are not shown, pattern of depuration and defecation of these but they were generally small (see Fig. 4 ). Note the difference of y scale in each graph elements reflected a mixture of assimilation, defecation and physiological loss. For example, in all treatments, most unassimilated lo9Cd was tracer retained is assumed to be assimilated; (2) most of egested within the first 17 h, after which very little the loss of tracer reflects egestion of unassimilated 'Ovd appeared In feces or was lost from tissues. Thls metal via defecation; (3) physiological loss of assimi-suggested that if 'OgCd was retained for longer than lated tracer is also possible, but in most cases it is prob-17 h in the digestive tract, it was assimilated. ably a small factor over this short period of time. Loss Nearly all the 75Se was assimilated from the ingested rates from the largest physiologica! compartments in diatom cells, regardless of retention time. Defecation marine bivalves are on the order of l. to 2 % d-' (N. S.
accounted for <10% of the ingested '%e. The activity Fisher, J.-L. Teyssie e( S. W. Fowler unpubl.). of 75Se increased ~n fecal pellets after 24 h, and was Two elements were almost completely lost from the defecated at a relatively constant rate throughout the mussels during the 96 h depuration (Fig. 2 ). Less than experiment (up to -400 h in other experiments). This 10% of 2 4 1~m was retained in soft tissue after 24 h; was more likely physiological loss and/or slow dis-96% was egested after 70 h, in all treatments. Depura-solved excretion, rather than defecation of unassimition of " ' "~g was slower than ' "~m , but less than 5 % lated Se. Thus, determination of 75Se AE at 70 h may was retained after 96 h in the highest food treatment;
underestimate the bioavailabillty of the element by a in no treatment was greater than 1 2 % of the """Ag small amount. retained. Because very little " "~m or I1""'Ag was
The pattern of depuration and defecation displayed assimilated after ingestion of the diatom cells, these by "zn was intermediate between those of '""Cd and elements could be used as tracers of the passage of ' l U r n~g The greatest activity in feces was found during
. Time (hours) the first 12 h of depuration. Some unassimilated 65Zn was egested between 12 h and 70 h, but much of the element retained for longer than 12 h in the gut was assimilated (only low concentrations of 65Zn were observed in feces after 12 h). The assimilation of 65Zn during prolonged digestion was most effective at the lowest food ration. In that treatment, 65Zn followed a depuration pattern most similar to that of 'OgCd. The depuration rate of 57Co was relatively constant throughout the 96 h.
-
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Assimilation efficiency
Among the 6 elements. "Se had the highest AE (70 to 80%), '09Cd and 65Zn had intermediate assimilation (20 to 50%), followed by 57Co (15 to 25%). As stated above, " " "~g and 2 4 1~m were least available (2 to 10%). The AEs decreased linearly with increasing ingestion rate and food concentration (Table 1) . With the exception of 'OgCd, there were statistically significant differences (p < 0.05, l-way ANOVA) in AEs be-resulted in a 12% change in 65Zn assimilation (Table 1) . The difference in AE for 57Co, 75Se and "'"'Ag was 4.6 to 6.9% for every 1 mg h-' change in ingestion rate. There was a notable effect for "OmAg, which was essentially unavailable at high feeding rates but was up to 11 % assimilated (see intercept in Table 1 ) at the lowest food concentrations. By contrast, food rations had little effect on the AEs of %e, which were very high at all food concentrations. The effect of food concentration was statistically significant, but only marginally relevant for 241Am; the AE for this element was never greater than 4 % at any ration. greatest for lo9Cd and 65Zn. There was a 3to 4-fold dif-Ingestion rate (mg/h) ference in GPT between ingestion rates of 0.1 to 1.5 mg h-' for these elements. The differences in GPT among elements at least (AEs, mean + SE) of trace metals at different ingesting activipartly reflected AE For example, 2 4 1~~ ties of mussels. Both A and B denote that there is a statistically significant difference (p < 0.05, l-way ANOVA) in A E~ be.
and '09cd both showed short GPTs, but for different tween any 2 treatments (ingest~on rates) reasons. 2 4 1~m was largely unassimilated. It was associated with a cell fraction that was rapidly and almost totally defecated within 24 h. 241Am could therefore be tween low ration and high ration groups (Fig. 4 ). There used as an inert tracer of the rapid phase of digestion. were also significant differences in AEs between
The 24'~m-labeled diatoms passed through the digesmedium and high ration groups for llOrn~g, 57Co and tive tract twice as fast at high food concentrations as at "Se. The effect of changing ration on assimilation dif-low food concentrations (Table 2) . At all food concenfered among metals. Zinc was the most influenced by trations, 'OqCd was assimilated if it was retained for food ration; every 1 mg h-' difference in ingestion rate long periods in the digestive tract. Thus, at the lowest food ration, any Io9Cd retained longer than 19.5 h was assimilated. At higher food concentrations the GPT declined to 4-6 h. Because the '09Cd AE also decreased, this verified the 2 4 1~m results, i.e. food was pushed through the less efficient phase of digestion faster as the food ration increased. The change in GPT and AE with food ration was also the result of a higher proportion of food being passed through the most rapid phase of digestion. The phases of digestion were tracked using "OmAg as a tracer of food passage through the mussel gut, including digestive diverticula (in contrast to 2 4 1~m , which only undergoes the first phase of digestion), because this radioisotope showed very little retention after 70 h of depuration. The percentage of food processed by intracellular (17 to 70 h) digestion was calculated by % intracellular = Alecesl7-70h x l 0 0 (2) Ingestion rate (mglh) Fig. 6 . Mytilus edulis. The proportion of food materials subjected to intracellular and extracellular digestion at different ingestion activities of mussels. Calculations were based on the presumption that "Orn~g is an inert tracer of food particles
where AlecesO-17h is the cumulative IlomAg activity measured in feces between 0 and 17 h and Afeces17-70h is the cumulative "OmA g activity measured in feces between 17 and 70 h. The % of food processed by extracellular digestion was % extracellular = 100 -(% intracellular)
A greater proportion of the food was processed via the shorter, extracellular digestion pathway as food availability increased (Fig. 6 ). Because extracellular digestion was inefficient in absorbing metals, this led to the decreases in AEs noted at the higher food rations. The depuration rate during the slower, intracellular digestion process (i.e. after 17 h) did not vary significantly with food availability for '09Cd, 57Co and 75Se ( Table 3) . Food availability therefore had no influence on intracellular assimilation of these elements. On the other hand, l l O m~g and 65Zn were depurated faster between 17 and 70 h with increased food availability (Table 3) . This was also evident from the depuration pattern (Fig. 2) . At the lower food rations, a greater proportion of these elements was assimilated during intracellular digestion. Because very little (<B% at 24 h) of the ingested 2 4 1~m was retained by the mussels, the depuration rate constants for this radioisotope are only marginally relevant.
Release of metals from intact diatom cells under lowered pH conditions
The behavior of 3 elements (llOm~g, 241Am and "Se), each having a different characteristic cellular distribu- Our results demonstrate a statistically significant influence of food quantity on AEs of different trace elements. Metal assimilation can be described as a negative function of a mussel's ingestion rate, but the slope of this function depends upon the metal and is lower than that described for organic matter assimilation. This means that assimilation of ingested metal is less sensitive than assimilation of organic matter to changes in food quantity, across a range of ingestion rates that a mussel might employ in nature. Metal assimilation changes from < l % (for 2 4 1~m ) to 12% (for 65Zn) for every 1 mg h-' change in ingestion rate, while carbon assimilation varies from 13 to 27 % (see below; Thompson & Bayne 1972 , Bayne et al. 1989 ). Earlier studies have measured the AEs of food particles monospecific phytoplankton (Tetraselmis suecica) diet for mussels, Thompson & Bayne (1972 showed that AE of carbon from food declined 2 7 % for every 1 mg 1-' change in ration (for a maximum of 90 %) with increasing food concentration. Other studies using a diatom (Phaeodactylum tricornutum) or a 
Time (hours)
prymnesiophyte (Isochrysis galbana) also indicated that AE was inversely tion in diatom cells, is presented in Fig. 7 . Reinfelder & related to food quantity (Widdows 1978 , Borchardt Fisher (1991 found that > 9 5 % of 2 4 '~m is associated 1983). When mussels were acclimated to a mixture of with Thalassiosira pseudonana cell walls and plasmalemmae, whereas >90% of 75Se is distributed in the cytoplasm. " O r n~g is intermediate between these 2 end members (ca 15% in cytoplasm). Although more total reduced the VCFs of "OmAg and 2 4 1~m but this effect tended to be smaller with increasing particle loads (Fig. 7) . Lowered pH did not have an appreciable Am effect on the release of 75Se from intact diatom cells, presumably because this element was primarily in the cytoplasm and less available for desorption or exchange. algal cells and surficial silt sediments for 2 wk, AE was less affected by food quantity, changing from 63% at an ingestion rate of 0.99 n~g particulate organic matter h-' to 50% at 1.97 mg h-' (Bayne et al. 1989) .
Few studies have directly examined the Influence of food density on the assimilation of trace metals. Bjerregaard et al. (1985) found that mussels retained more 2 4 1~m (about 15%) when maintained on a low food ration (Thalassiosira pseudonana 3H cells, 104 cells ml-l) than on a higher food ration (2% for 5 X 104 cells ml-l). Borchardt (1983) observed a larger effect than seen in our studies. He found 63 and 28% Cd AE in mussels at ingestion rates of 0.026 and 0.2 mg h-', respectively, of Isochrysis galbana. In these studies, mussels were fed with radiolabeled food particles for a few days to weeks. The calculated retention efficiency would underestimate AE. The pulse-chase feeding technique avoids many of the problems associated with long-term experiments (metal recycling, previous contamination history, physiological turnover and behavioral anomaly; Luoma et al. 19921 , and thus represents a more realistic measure of AE.
The proportion of food materials that is sent to the digestive gland for intensive digestion is critical in determining food assimilation (Van Wee1 1961, Thompson & Bayne 1972 , W~ddows et al. 1979 , Bayne & Newel1 1983 . Widdows et al. (1979) , for example, suggested that, at low food density (<0.25 mg I-'), all ingested materials are transported to the digestive gland and the unassimilated materials are egested as glandular feces. With increasing food concentration the digestive gland is unable to digest and assimilate all the materials that are entering the stomach. Consequently the undigested materials bypass the digestive gland and are transported through the intestinal gut and defecated as intestinal feces. These 2 types of feces are readily discernible in bivalves (Van Wee1 1961 , Thompson & Bayne 1972 . In our experiments we also observed the distinct features of feces produced by mussels at different food quantities. Mussels maintained at a low food level (0.1 mg h-') produced darkcolored feces, whereas with increasing ingestion activity the feces became lighter and browner in color, implying that intestinal feces become dominant as ingestion increased.
Decho & Luoma (1991) observed biphasic ''Cr fecal egestion in 2 clam species, A4acoma balthica and Potamorcobula amurensis, after the clams were pulse-fed with "Cr-impregnated glass beads or bacteria. The first phase was characterized as extracellular digestion occurring primarily within the stomach. The second phase was characterized as intracellular digestion associated with the digestive diverticula (Purchon 197 1, Owen 1974 ). Furthermore, the proportion of extracellular and intracellular digestion appears to be impor-tant in the overall assimilation of 51Cr. For example, "Cr was assimilated only by intracellular digestion, presumably because cells in the digestive gland are efficient at phagocytizing fine particles generated by extracellular digestion (Decho & Luoma 1991 . Biphasic metal defecation was also evident in the pulse-chase experiments with Mytilus edulis. Using "'"'Ag as an inert tracer, a generic model of metal egestion would include 2 different phases, namely extracellular (0 to 17 h) and intracellular (l? to 70 h) digestion. The pattern of egestion varied with different metals, depending upon metal chemistry, cellular distribution in Thalassiosira pseudonana, and the pattern of assimilation by the mussels. For example, >87 % of 2 4 1~m was defecated after extracellular digestion. showed that >95 % of 2 4 '~m is bound to the cell surface of T. pseudonana. Thus, the cell fraction that sequesters 2 4 1~m does not seem to pass through intracellular digestion in the mussel, perhaps contributing to the very low assimilation of this element by the mussel. In contrast, 30 to 40% of 2 4 1~m is assimilated from T pseudonana by the clam Macoma balthica (Luoma et al. 1992) . In this animal, about 40% of the 241Am from T. pseudonana is passed through intracellular digestion.
Fisher and also showed that "Se is mainly associated with algal cytoplasm. Once the algal cell is lysed in the digestive tract, Se is probably rapidly assimilated, whatever the phase of digestion. Thus, Se availability to mussels appears to follow the hypothesis of . They suggested that, at least for copepods and planktonic bivalve larvae (whose digestion is primarily extracellular), assimilation of elements is related to the elemental distribution in algal cytoplasm. Selenium was the most available of the elements because its cytoplasmic distribution was the highest.
Adult bivalves are capable of both extracellular and intracellular digestion. Interaction of the 2 processes could enhance assimilation of some elements. For example, the absence of '09Cd in the second phase of egestion appeared to represent very efficient intracellular assimilation of this element. This element can be tightly bound to low molecular weight proteins (e.g. metallothioneins ; Kijhler & Riisgdrd 1982 , Bebianno & Langston 1991 ) that may be assimilated only during intracellular digestion. Assimilation of Zn was more affected by increased ration than other elements, partly because intracellular digestion was affected. The best evidence illustrating the importance of intracellular digestion in the mussels, however, was the observation of reduced AE as the percentage of particles subjected to extracellular digestion increased with increased food availability.
The digestion kinetics described above satisfactorily explain Ag and CO assimilation, but an alternative explanation cannot be excluded. A proportion of these metals could become loosely bound to the gut 1.ining within the first 17 h, from which they are slowly released or excreted during cycles of cell formation and breakdown in the digestive diverticula between 17 and 70 h. With this explanation, the proportion of total egested Ag recovered in feces from 17 to 70 h decreases inversely with ingestion rate because, as a consequence of shorter GPT, less Ag is released from ingested phytoplankton (an explanation consistent with the above). This alternative explanation would also necessitate that some Ag crosses the gut lining at lower ingestion rates but not at higher rates. The mechanism for that is unclear.
GPT also affects metal assimilation at different food concentrations. This is consistent w~t h many studies showing that AE of food materials increases with GPT. Longer retention of ingested food within the digestive tract allows for more efficient digestion and absorption (Willows 1992) . Previous empirical measurements and optimal digestive models predict that AE increases with GPT to a maximum beyond which AE remains relatively constant (Bayne et al. 1987 , Willows 1992 . Mussels therefore exhibit great digestive plasticity which allows them to change the amount/activity of digestive enzymes and gut volume (involving both ingestion rate and gut retention time) in response to changes in food quantity/quality (Bayne et al. 1989 ). Previous estimations of GPT for food particles are generally shorter (112 h; Hawkins et al. 1990 ) than our data indicate. In assuming that mussels complete their digestion of food materials within 1 d , these earlier studies may have overestimated assimilation.
Many studies indicate that Zn levels in mussel tissues are regulated and not highly responsive to Zn concentrations in seawater. Thus mussels are not a good indicator of Zn contamination in the aquatic environment , Amiard-Triquet et al. 1986 , Phillips 1990 ). Under steady-state conditions, bioaccum~~lation can be described by a simple mathematical equation, assuming that metal influx rates are directly proportional to metal concentrations in seawater and food particles (Landrum et al. 1992 , Luoma et al. 1992 : ( 4 ) where C' is metal concentration in mussel tissue (pg g-l), I,!,, is metal influx rate from dissolved sources (pg g-' d-l), AE is metal assimilation efficiency ( X ) , IR is ingestion rate of mussels (mg g-' d-l), C, is metal concentration of Ingested particles (yg mg-l), and k, is the metal efflux rate constant (d-l) From this equatlon several potential sources may explain Zn regulation in mussels, including metal influx rate from the dissolved phase, metal assimilation efficiency and metal efflux rate. Our results demonstrate that there is a 1.5-fold difference in "Zn AE at ingestion rates between 0.1 and 1.5 mg h-'. Mussels are therefore able to vary their assimilation of Zn from food particles in response to different environmental conditions such as food quantity. A significant decrease in Zn AE when food particles are abundant may balance Zn intake from ingested particles. Thus, AE may be an important physiological factor responsible for Zn regulation observed in many studies. The influx rate of Zn from the dissolved phase is directly proportional to the Zn concentration in ambient seawater, indicating that dissolved uptake is primarily a passive process without active regulation (W.-X. Wang, N. S. F~sher & S. N. Luoma unpubl.). Furthermore, bioaccumulation modeling using Eq. (3) suggests that the predominant route by which Zn is accumulated in mussel tissue is via particulate ingestion; the contribution of dissolved uptake only accounts for ca 20% of total Zn uptake (Wang & Fisher unpubl.). The importance of metal efflux in Zn regulation in mussels is stlll unstudied. Bryan (1984) showed that the whole body Zn levels in the polychaete Neresis diversicolor are kept constant by excretion of excess metal. In oysters the loss rate constant (k,) for Zn is related to the uptake rate constant and to the steady-state concentration factor of Zn (Cutshall 1974) . Such a mechanism in metal regulation is also common in decapod crustaceans (Depledge & Rainbow 1990) .
The desorption experiments illustrate why it is problematic to predict metal bioavailability from simple chemical conditions in the digestive tract, such as lowered pH or particle concentrations. Chemical conditions during digestion are flexible and complex. Such conditions are undoubtedly different in extracellular and intracellular digestion (Decho & Luoma 1991) . Molluscs also modify the chemistry of particles as they process them for digestion. For example, even before digestion begins, mussels envelope food particles in mucus strings. An endoscopic study showed that these strings are produced, even at low food concentrations, in the ventral groove, where they are carried to the labial palps for sorting and digestion (Ward et al. 1993 ). The ultimate bioavailable form of metals must be soluble, either in water or solubllized, within the digestive tract (Langston & Spence 1995) . Desorption at lowered pH wlth~n the mussel gut could enhance solubilization, but it is not the only process that removes metal from food particles. For example, 75Se was not released at pH 5.5, probably because Se speciates as an anion in seawater (Cutter & Bruland 1984) and, once in the cytoplasm of Thalassjos~ra pseudonana cells, it forms organic selenides . A more accurate simulation of digestion would require includ-ing enzymes or other chen~icals that lyse whole phytoplankton cells.
Although response to lowered pH does not simulate digestion, experiments can be informative about processes that contribute to assimilation, especially for particle-reactive or surface-bound elements such as " @ " '~g or 2 4 '~m .
For example, our measurements indicate that metals desorb from phytoplankton cells within 30 min after cells are transferred to seawater with a pH of 5.5, as noted earlier (Fisher & Teyssie 1986) . Processes other than desorption are presumably responsible for the relationship of metal assimilation and gut retention on time scales of hours. Greater desorption also occurs at lower particle concentrations and could play a role in the increased assimilation of "'"'~g, 'j5Zn or "CO at lower ingestion rates. However, the desorption experiments predict substantial changes in the availability of 2 4 1~m that are not observed in the mussels.
In summary, this study demonstrates how digestive processes and metal chemistry interact to determine metal assimilation when ingestion rates of algal food differ. Elements occurring almost entirely within the cytoplasm of the algal cell (e.g. Se) are efficiently assimilated, and food availability is proportionately unimportant. Elements strongly bound to fraction(s) of the algal cell that are not passed through intracellular digestion (e.g. 2 4 1~m ) are of very low bioavailability, whatever the availability of food. Many elements (Ag, Cd, CO, Zn) lie between these 2 extremes in their chemical behavior, and for them food availability has the greatest effect. A higher AE is observed at lower food availability because of longer gut residence time, a higher proportion of intracellular digestion, and perhaps a higher release rate under acidic conditions in the gut. Assimilation of these elements and carbon assimilation are both affected by food availabililty. Thus, relationships between metal and carbon assim~lation are expected (Borchardt 1985) . However, metal asssimilation appears to be less influenced by variability in food than does carbon assimilation, at least under the experimental conditions employed here. Comparisons between metals and carbon of the mechanistic causes of the influence of food availability have not yet been reported. In any case, the variabililty in AE occurring across the range of ingestion rates typlcal of mussels in nature is sufficient, at least for some trace elements, that it should be incorporated into bioaccumulation models before such models are applied in the field.
